Pathways of glucose catabolism, potentially operational in six strains of obligately aerobic, acidophilic bacteria, including Acidiphilium cryptum strain Lhet2, were investigated by short-term radiorespirometry and enzyme assays. Short-term radiorespirometry was conducted at pH 3.0 with specifically labeled [14C]glucose.
Fundamental studies on obligately acidophilic bacteria of acidic, mineral-containing waters have been primarily concerned with chemolithotrophic species of the genus Thiobacillus, i.e., Thiobacillus ferrooxidans and Thiobacillus thiooxidans. Recently, however, Harrison et al. (10, 12) isolated several strains of obligately acidophilic, heterotrophic bacteria from coal spoil drainages and alleged pure cultures of T. ferrooxidans. The binomial Acidiphilium cryptum was proposed subsequently for the organisms, and the type strain was designated A. cryptum Lhet2 (11) . A. cryptum is a gram-negative, nonsporulating, strictly aerobic bacillus that is inhibited by high concentrations of organic compounds. However, some strains are capable, apparently, of existing on the metabolic by-products of T. ferrooxidans (10, 12) , possibly with effect on activities in acidic mine drainages and mineral leaching.
Wichlacz and Unz (22) isolated and characterized 37 strains of obligately acidophilic heterotrophic bacteria from acidic mine drainages. The strains of this diverse group of bacteria differed in cell size, pigmentation, and nutritional capabilities; however, all strains were gram-negative, strict aerobes, and the majority utilized glucose as a sole carbon and energy source. DNA analyses on eight typical strains revealed a G+C base composition ranging from 63 to 68 mol% G+C, and the bacteria have been tentatively placed in the genus Acidiphilium based on similarity of key characteristics (10; P. L. Wichlacz and R. F. Unz, Abstr. XIII Int. Congress Microbiol. 1982, P11:1, p. 70).
Since bacteria depicting Acidiphilium spp. have been isolated only recently, no information exists on the intermediary metabolism of the organisms, and the degree of meta-bolic similarity or dissimilarity among strains has not been established. The present study was undertaken to determine the pathway(s) of glucose catabolism in the acidophilic heterotrophs as an aid to their comprehensive characterization and determination of taxonomic status. The results are to be compared with findings obtained by other researchers on the more familiar acidophiles, i.e., chemolithotrophic and mixotrophic Thiobacillus spp., and it is anticipated that the work will contribute ultimately to a determination of the ecological importance of the bacteria. The six strains of Acidiphilium selected for this study differed in G+C mol% base composition (10) and in growth rate and nutritional capabilities (22) and may represent several species.
MATERIALS AND METHODS
Bacteria. Acidiphilium spp. strains AWB, KLB, OP, PW2, and QBP were obtained from stocks maintained in this laboratory (22) . A. cryptum strain Lhet2 (ATCC 33463) was obtained from A. P. Harrison glucose to obtain the final desired glucose concentration.
The tubes were sealed with serum stoppers and placed in a water bath at 27 or 30°C, and the contents were bubbled with humidified C02-free air(200 ml/min).
Collection of CO2 was accomplished with CO2 collection vials (8) , which were replaced at the following intervals: each 1 min before initiating an experimental run, each 0.5 min for the first 5 min after initiating the run, and every 1 min thereafter. Abiotic CO2 formation was determined by collecting gas for 3 or All assays were modifications of standard procedures. Substrates were found to be saturating at the concentrations employed. All assays contained appropriately diluted cell extract, 50 mM Tris (pH 7.5), and 1 mM dithiothreitol in addition to the reagents listed below. All assays were originally performed with 1 mM KCN to inhibit NADH oxidases (24) . Subsequently, however, it was found that KCN strongly inhibited the Entner-Doudoroff (ED) enzymes and, to a lesser extent, certain other enzymes; thus certain assays were repeated without KCN. Each enzyme assay performed on strain PW2 extract and the reagent concentrations employed are listed below. Most of the reagent concentrations employed with PW2 extract were used also with the extracts from the other strains; however, to obtain substrate saturation in all cases, it was sometimes necessary to employ substrate concentrations different from those employed with strain PW2 extract.
The glucose-6-phosphate dehydrogenase (EC 1.1.1.49) assay contained 1 mM NAD or NADP, 10 mM glucose 6-phosphate, and 8 mM MgCl2 (16) . The 6-phosphogluconate (6-PG) dehydrogenase (EC 1.1.1.44) assay contained 1 mM NAD or NADP, 5 mM 6-PG, and 8 mM MgCl2 (16) . The 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase (EC 4.1.2.14) assay contained 2 mM KDPG (lithium salt), 0.25 mM NADH, and 5 U of lactic dehydrogenase in an assay volume of 300 ,u (25) . The 6-PG dehydrase (EC 4.2.1.12) assay contained 1 mM 6-PG, 0.2 mM MnCl2, 0.25 mM NADH, and S U of lactic dehydrogenase per 300-pJ assay (25) glycerophosphate dehydrogenase per 1-ml assay (20) . 6-Phosphofructokinase (PFK; EC 2.7.1.11) was assayed by two methods. Method one involved 5 mM fructose 6-phosphate, 0.25 mM NADH, 1 mM ATP, 4 mM MgCl2, 3.3 mM NH4Cl, 0.5 U of FBP aldolase, 0.8 U of triose phosphate isomerase, and 5.3 U of a-glycerophosphate dehydrogenase per 1-ml assay (14) . Method two included 1 mM fructose 6-phosphate, 0.25 mM NADH, 1 mM ATP, 10 mM NH4Cl, 10 mM MgCl2, 30 mM KCl, 0.5 U of FBP aldolase, 0.8 U of triose phosphate isomerase, and 5.3 U of a-glycerophosphate dehydrogenase per 1-ml assay (4) .
Pure enzymes served as positive controls for enzyme assays. Negative controls consisted of the assay minus the primary substrate, i.e., controls for background NADH oxidase or background NAD reduction. These controls accounted for all activity that was not due to the enzyme of interest, and the background activity, if any, was subtracted from the experimental assay. NADP was neutralized with equimolar amounts of NaOH before use in assays in which the NADP concentration was greater than 1 mM.
General analyses and chemicals. Protein concentrations in cell extracts were determined by the method of Bradford (6) with Bio-Rad protein reagent (Bio-Rad Laboratories, Richmond, Calif.). Portions of whole cell suspensions used in radiorespirometry experiments were treated by boiling cells for 5 min in 1 N NaOH followed by neutralization with 2 N HCI before completing the protein assay. Bovine serum albumin treated in the same manner as the samples served as the protein standard.
Radiolabeled compounds were checked for purity by paper chromatogaphy (Whatman no. 1 paper) employing a solvent system of n-butanol-pyridine-water (6:4:3).
All enzyme assay reagents, except KDPG, were obtained from Sigma Chemical Co. (St. Louis, Mo.). Radiolabeled compounds were obtained from New England Nuclear (Boston, Mass.). KDPG and pure KDPG aldolase were kindly provided by H. Paul Meloche (Papanicolaou Cancer Research Institute, Miami, Fla.). All other chemicals were reagent grade and commercially available.
RESULTS
Radiorespirometry. Representative interval and cumulative CO2 release patterns for strains PW2, Lhet2, and QBP are presented in Fig. 1, 2 , and 3, respectively. The radiorespirometry patterns for strain AWB were essentially identical to those obtained for strain PW2. The patterns for strain OP most closely resembled that shown for strain PW2, with the exception that C-2 release was slightly greater than C-6 release in strain OP. Strain KLB radiorespirometry patterns were most similar to those of strain Lhet2 (Fig. 2) , except that the C-2 and C-6 peaks produced by strain KLB were not biphasic. The radiorespirometry patterns displayed in Fig. 1, 2 , and 3 represent the type strain for Acidiphilium sp. (strain Lhet2, Fig. 2 ) and the two strains that differed most in radiorespirometric activities (strains PW2 and QBP; Fig. 1 and 3) . Production of CO2 by all strains was rapid and began immediately after the experiment was initiated.
The interval and cumulative CO2 release patterns for strains PW2 (Fig. 1) and AWB were C-1 > C-3,4 > C-6 > C-2. Strain OP cumulative, but not interval, CO2 release from the C-3,4 positions was comparable to that of C-1; C-2 and C-6 were released in minor amounts in relation to the C-1 released by strain OP. Strain KLB exhibited an interval C-1 release rate approximately equal to that of C-3,4, with both C-1 and C-3,4 preferentially oxidized as compared with C-2 and C-6. Strains OP and KLB both oxidized C-2 to a greater extent than C-6 in two out of three trials. Strain C-6 position, and the C-2 interval release pattern was always biphasic (Fig. 2) . Strain QBP was the only strain tested in which all interval and cumulative release patterns revealed C-3,4 > C-1 >> C-2 > C-6 (Fig. 3) . Between 26% (strain Lhet2) and 52% (strains PW2 and AWB) of the total glucose carbon ([U-14C] glucose) in the experiments was respired to CO2.
There was some variation of the CO2 release patterns from trial to trial for a given strain. The variations, which were The NAD-linked 6-PG dehydrogenase activity for all strains was higher than that of the NADP-linked 6-PG dehydrogenase, with no detectable NADP-linked enzyme in strain Lhet2. A considerable lag time (4 to 12 min) occurred with extracts from strains Lhet2 and PW2 between the initiation of enzyme assay and the linear formation of product, possibly indicating some NAD-NADH cycling. The lag time for strain PW2 was doubled when KCN was included in the assay, although cyanide did not affect the lag time of strain Lhet2 6-PG dehydrogenase. The level of 6-PG dehydrogenase activity of strain Lhet2 was considerably lower than the levels from other strains. Experimentation with a single Lhet2 extract revealed that the extensive lag could be eliminated by removing Mg2+ from the assay. A maximum activity of 9.6 nmol/min per mg of protein occurred when both MgCl2 and KCN were eliminated from the 6-PG dehydrogenase assay for strain Lhet2. The key enzymes of the ED pathway (6-PG dehydrase and KDPG aldolase) were present in all strains tested ( Table 1) . The two highest levels of ED enzyme activities were found in extracts of strains PW2 and Lhet2. Increasing the concentration of 6-PG in the dehydrase assay resulted in a decrease in the specific activity of the 6-PG dehydrase in all strains, indicating that 6-PG dehydrase may be subject to substrate inhibition or a competing side reaction.
The key enzyme of the Embden-Meyerhof-Parnas (EMP) pathway, 6-PFK, was not detectable in any of the extracts by either of the two 6-PFK assay methods employed. The inability to detect 6-PFK activity in extracts from strains PW2 and Lhet2 was complicated by the apparent presence of some interfering factor or side reaction, which was detected by comparing the activity of pure 6-PFK-positive controls to the activity of cell extracts supplemented with pure 6-PFK. Extracts from strains OP, QBP, and KLB, however, caused little or no (0 to 20%) inhibition of PFK-positive controls. The PFK assay with extract from KLB gave a false-positive result due to a detectable amount of mannitol-1-phosphate dehydrogenase (less than 7 nmol/min per mg of protein), which was detectable when fructose 6-phosphate was employed to initiate the reaction. Another side reaction that may have interfered with the PFK assays was the presence of glucose-phosphate isomerase. Replacing glucose 6-phosphate with 5 mM fructose 6-phosphate in the glucose-6-phosphate dehydrogenase assays resulted in definite NAD reduction (single extract activities for strains ranging from 11 to 194 nmol/min per mg of protein), indicating the potential for isomerase activity.
Fructose-1,6-bisphosphate aldolase, another enzyme of the EMP pathway in addition to the PP pathway and gluconeogenesis, was present in low levels in all extracts.
The effects of cyanide (KCN) on the enzymes tested varied with respect to the bacterial strain under investigation in addition to the specific enzyme. Cyanide totally inhibited the KDPG aldolase activity of strain QBP and produced a 40% increase in the apparent activity of glucose-6-phosphate dehydrogenase of strain PW2. However, cyanide inhibited most of the enzymes to some degree. Consequently, the specific activities of enzymes assayed in the presence of cyanide should be viewed with caution.
DISCUSSION
The extensive formation of 14CO2 from [1-14C] glucose by the acidophilic bacteria was evidence that the major route of glucose catabolism was the ED or PP pathway or both. The minor production of CO2 from the C-2 position of glucose, relative to that from C-1, indicates the PP pathway cannot be the sole mechanism responsible for the CO2 obtained from the C-1 position. Similarly, the exclusive operation of the ED pathway is impossible due to the apparent nonequivalence of CO2 from C-1 and C-4. Assuming that the ED pathway and the tricarboxylic acid cycle are the sole route for glucose catabolism, the theoretically equivalent C-3 and C-6 release may be used to determine the contribution of C-3 VOL. 50, 1985 on October 28, 2017 by guest http://aem.asm.org/ Downloaded from and C-4 according to the following substitutions: (nanomoles of C-4) = (nanomoles of C-3,4) -(nanomoles of C-6). Accordingly, the resultant C-4 release for all six strains was lower, in some cases substantially lower, than the C-1 peak. Since C-1 release was greater than the calculated C-4, some portion of the C-1 must have been evolved through PP activity. Accurate percent calculations of the relative pathway contributions were not possible in this study because published formulas require (i) knowledge of the individual C-3 and C-4 release yields (2, 24) , (ii) assumption that PP activity is minor (20) , or (iii) assumption that ED activity is nonexistent (13) . An additional complication to pathway interpretation was the unusually high C-6 peak produced by strains PW2 and AWB. Typically, the quantity of CO2 formed from the C-6 position of glucose via any of the three major glucolytic pathways is lower than the level of CO2 produced from any other carbon, even with simultaneous operation of two or more pathways. However, greater release of C-6 than C-2 has been reported for Pseudomonas fluorescens cultivated on nonlimiting glucose medium at 8°C (18) , glucose-grown Thiobacillus acidophilus (23, 24) , glucose-grown Thiobacillus organoparus (23) , and ironglucose-grown T. ferrooxidans (20) . Interestingly, each of the latter three organisms is acidiphilic and reportedly metabolizes glucose primarily via the ED pathway, with the PP pathway accounting for the remainder of the glucose catabolized. It has been suggested that an increased C-6 yield may result from an unusual cycling of the carbons in the PP or some other pathway (19, 20, 23) or from the glucuronic acid pathway (2) .
The inability to separate the C-3,4 peaks into C-3 and C-4 peaks in the radiorespirometric work makes it impossible to absolutely eliminate the EMP pathway as a minor contributor to glucose catabolism in the acidophilic bacteria. However, extensive yields and rates of C-1 release by the various strains preclude substantial EMP activity in any of the strains tested.
Enzyme studies were performed to offer additional evidence for the function of the glucolytic pathways in the acidophiles. The key enzymes involved in the oxidative portion of the PP pathway (glucose-6-phosphate dehydrogenase and 6-PG dehydrogenase) and the ED pathway (KDPG aldolase and 6-PG dehydrase) were present in all strains, whereas the key enzyme of the EMP pathway (6-PFK) was not detectable in any strain. These observations supported the contention that both ED and PP pathways are functional in the acidophilic bacteria, whereas the EMP pathway is most probably absent.
Comparative evaluation of enzyme assays and radiorespirometric results revealed some unexpected relationships. According to CO2 release patterns, strains PW2, AWB, and OP appeared to possess the highest PP pathway participation, whereas strain QBP seemingly exhibited the most extensive ED pathway activity. In contrast, results of enzyme analyses indicated that strain QBP may have the greatest potential for PP pathway activity, whereas strains PW2 and Lhet2 have the strongest potential for ED pathway activity. These apparent discrepancies are probably the result of the dissimilar methodological conditions that exist between in vitro enzyme assays and radiorespirometry, which involves the use of intact cells with their associated inherent pathway regulators. In addition, the presence of an enzyme does not necessarily prove that the pathway is operative in the bacteria.
Key enzymes of the nonoxidative portion of the PP pathway and the tricarboxylic acid cycle were not sought to confirm the existence of these pathways. Based on the observed radiorespirometric CO2 release from the 2, 5 (calculated), and 6 positions of glucose, however, it is probable that both pathways were present in the test strains. These carbons are usually oxidized and released via the tricarboxylic acid cycle or through extensive PP cycling. Since the amount of CO2 released from the C-2 position was not exceptional, most of the C-2, C-3, C-5, and C-6 oxidation by these strains should be accounted for by tricarboxylic acid cycle activity.
Lack of detectable 6-PFK activity in the acidophilic heterotrophs does not preclude the possibility that PFK and, consequently, the EMP pathway exists, given appropriate assay and growth conditions. For example, Rhodopseudomonas capsulata uses the ED pathway for glucose catabolism and a modified EMP pathway to catabolize fructose, despite the fact that fructose-grown cells also contain the ED enzymes (7) . Similarly, a modified EMP pathway, in which 1-PFK is substituted for 6-PFK, occurs in certain pseudomonads during fructose degradation (5, 21) . However, modifications of major pathways do not appear to play a quantitatively significant role in the hexose catabolism of most bacteria; hence, it is unlikely that a modified EMP pathway is of major importance to the acidophilic heterotrophs.
The radiorespirometry patterns obtained on the acidophilic heterotrophs resembled those reported for acidophilic thiobacilli. Wood and Kelly (23) observed that T. acidophilus, a strictly aerobic, gram-negative, facultative autotroph, metabolized glucose primarily via the ED pathway and shunted minor amounts (10%) through the PP pathway. Similarly, the ED and PP pathways accounted for 77 and 23%, respectively, of the glucose metabolized by glucose-grown T. ferrooxidans (23) .
The reported activities of the glucolytic enzymes from glucose-grown T. ferrooxidans (20) are comparable to those found in this study for A. cryptum strain Lhet2. The most notable similarity is the low and almost identical activities obtained for the 6-PG dehydrogenases despite substantial PP activity in both organisms as indicated by radiorespirometry results.
Harrison et al. (11, 12) (9, 15) . The ED pathway has been predominantly associated with bacteria that are gram negative and aerobic and contain a DNA G+C ratio of 52 to 70 mol% (15) . However, there are some notable exceptions to these general characteristics for bacteria that typically contain the ED pathway; e.g., strains of the gram-positive Nocardia spp. contain ED enzymes (15) , and Zymomonas anaerobia employs the ED pathway for glucose degradation (17) . Most bacteria contain some PP activity (generally less than 30%) since it is necessary for the generation of certian metabolites used in anabolic processes. Thus, the acidophilic heterotrophs studied appear to have an intermediary glucose metabolism similar to typical nonacidophilic, gram-negative, aerobes with certain exceptions, namely, (i) a high rate of C-6 oxidation in strains PW2 and AWB and (ii) possibly an unusually high level of PP activity in some of the strains (PW2, AWB, and OP).
Currently the taxonomy of strains PW2, AWB, KLB, OP, and QBP is uncertain. The acidophilic bacteria studied appear to form two groups (strains Lhet2, KLB, and QBP and strains PW2, AWB, and OP) on the basis of radiorespirometric experiments. In contrast, strains KLB, OP, and QBP were most similar enzymatically, a finding consistent with the ability of the strains to grow on glucose as a sole carbon source. Strains PW2, AWB, and Lhet2 were capable of growth on glucose as a sole carbon source, whereas strains KLB, OP, and QBP required the addition of low levels (0.01%) of yeast autolysate to support growth on glucose. All of the acidophiles studied, however, have similar modes of glucose metabolism, and all utilize a combination of the ED and PP pathways. The metabolic differences observed among the strains probably represent differences in the percent pathway participation.
